All relevant data are available from the Figshare database, under the DOI: <http://dx.doi.org/10.6084/m9.figshare.1372470>.

Introduction {#sec001}
============

Mass mortalities have the capacity to drive persistent ecosystem changes \[[@pone.0126280.ref001]--[@pone.0126280.ref002]\]. The magnitude and duration of the changes may be determined in part by the spatial extent and intensity of mortality, and also by the ecological roles and life-history attributes of the species affected \[[@pone.0126280.ref003]\]. For instance, in marine systems, fecundity, pelagic larval duration, reproductive season, and local density may interact with patterns of ocean circulation and dispersal to accelerate or retard rates of recovery through their effects on population growth or immigration from nearby locations. Such complexities reinforce the need to carefully chronicle the geographic pattern and intensity of mass mortalities with sufficient resolution to track their trajectories and consequences in the face of global changes that are predicted to alter regional disturbance regimes \[[@pone.0126280.ref004]--[@pone.0126280.ref005]\].

The challenges to understanding ecological consequences of severe perturbations are substantial. Common drivers of mass mortalities, including storms, heat waves, disease epidemics, and harmful algal blooms (HABs) are unpredictable \[[@pone.0126280.ref006]--[@pone.0126280.ref010]\]. Some fraction of mass mortality events likely goes unnoticed or is under-reported. Other events may be reported but suffer from a paucity of data regarding their degree of severity or level of spatial coherence. These challenges may apply especially strongly in the ocean, where baseline data describing species occurrences and population sizes are often scarce. Even along highly populated coastlines, such as California (USA), reports of at least two mass mortality events in highly visible near-shore species (an intertidal sea urchin and a canopy-forming kelp) remain limited to "personal communications" or brief historical notes \[[@pone.0126280.ref011]--[@pone.0126280.ref015]\].

Such incomplete information limits our ability to detect trends in the frequency and intensity of mortality events, both of which are predicted to increase under global change. Documentation exists for a suite of large-scale, high-severity mortality events in benthic systems, enabling assessment of at least some of their long-term ecological impacts. For example, it is known that declines of the eelgrass *Zostera marina* caused basin-wide extinction of the limpet *Lottia alveus* \[[@pone.0126280.ref016]\] and acute reductions in eastern populations of Brant's goose (*Branta bernicla*) \[[@pone.0126280.ref017]\]. Widespread mortality of long-spined sea urchins (*Diadema antillarium*) allowed overgrowth of coral reefs by fleshy algae and thus prolonged perturbation of Caribbean ecosystems \[[@pone.0126280.ref018]--[@pone.0126280.ref020]\]. In contrast, less-severe disturbances that impose localized or spatially patchy effects, and/or that are characterized by greater baseline survivorship, may not receive as much attention. They can also have more moderate or shorter-duration impacts due to the increased likelihood of recovery by immigration or local reproduction \[[@pone.0126280.ref009]\]. Since benthic mass mortalities were last reviewed, predominantly covering events before 1999 \[[@pone.0126280.ref007], [@pone.0126280.ref021], [@pone.0126280.ref022]\], documented die-offs have tended to be either localized or have had patchy effects characterized by areas of substantial survivorship ([Table 1](#pone.0126280.t001){ref-type="table"}; \[[@pone.0126280.ref023]--[@pone.0126280.ref042]\]).

10.1371/journal.pone.0126280.t001

###### Mass mortality events of benthic marine species occurring since 2000.

![](pone.0126280.t001){#pone.0126280.t001g}

  ---------------------------------------------------- ------------------------------------------------------------------- --------------------------------------- ----------------------------------------------- ----------------------------------------------------------------------------------------------------------- ------------------------------ ----------------------------------------------------
  **Year(s), Location**                                **Affected organisms**                                              **Suspected cause(s)**                  **Mortality range**                             **Spatial extent (km^2^)[^a^](#t001fn004){ref-type="table-fn"}^,^[^b^](#t001fn005){ref-type="table-fn"}**   **Spatial pattern reported**   **References**
  2001--2003, Ligurian coast, N Mediterranean          Zoanthid (*Parazoanthus axinellae*)                                 Disease, High water temperature         \~ 90%                                          0.0001                                                                                                      ND                             \[[@pone.0126280.ref023]\]
  2003, N Mediterranean                                Gorgonians, sponges, bryozoans, bivalves; (multiple species)        High water temperature                  5--80% [\*](#t001fn002){ref-type="table-fn"}    1500                                                                                                        patchy                         \[[@pone.0126280.ref024]\]
  2003, Canary Islands, SE Atlantic                    Sea urchin (*Paracentrotus lividus*)                                Disease, high water temperature         0--95%                                          50                                                                                                          patchy                         \[[@pone.0126280.ref025]\]
  2003, 2009, Nova Scotia, NW Atlantic                 Sea urchin (*Strongylocentrotus droebachiensis)*                    Disease, hurricanes                     0--100%                                         3                                                                                                           patchy                         \[[@pone.0126280.ref026]\]
  2004--2005, Cape Cod, NW Atlantic                    Sea scallop (*Placopecten magellanicus*)                            Unknown                                 35%                                             4000                                                                                                        ND                             \[[@pone.0126280.ref027]\]
  2005, Great BarrierReef, Coral Sea                   Corals (multiple species)                                           Solar radiation, low tide exposure      10--40% [\*](#t001fn002){ref-type="table-fn"}   10                                                                                                          patchy                         \[[@pone.0126280.ref028]\]
  2005, Florida, E Gulf of Mexico                      Fishes, sponges (multiple species) Coral (*Cladocora arbuscula*)    Algal bloom, hypoxia                    Sponges:6--7%; other taxa: ND                   10                                                                                                          ND                             \[[@pone.0126280.ref029]\]
  2005--2007, Caribbean Sea                            Corals (multiple species)                                           High water temperature, disease         0--70%                                          2 x 10^6^                                                                                                   patchy                         \[[@pone.0126280.ref030]\]
  2008, Coliumo Bay, Chile, SE Pacific                 Crabs, fishes (multiple species per taxon)                          Hypoxia                                 \~90%                                           5                                                                                                           ND                             \[[@pone.0126280.ref031], [@pone.0126280.ref032]\]
  2008, Sardinia, N Mediterranean                      Octocoral (*Paramuricea clavata*)                                   Disease, high water temperature         0--100% [\*](#t001fn002){ref-type="table-fn"}   2                                                                                                           ND                             \[[@pone.0126280.ref033]\]
  2008, 2009, N Mediterranean                          Sponges (*Ircinia* spp.)                                            Disease, high water temperature         0--95% [\*](#t001fn002){ref-type="table-fn"}    700                                                                                                         patchy                         \[[@pone.0126280.ref034]--[@pone.0126280.ref036]\]
  2009, Isla Natividad, Mexico, NE Pacific             Pink abalone (*Haliotis corrugata)*                                 Hypoxia                                 41%                                             10                                                                                                          ND                             \[[@pone.0126280.ref037]\]
  2009, Bahia de Huatulco, NE Pacific                  Sea urchin (*Diadema mexicanum*)                                    ND                                      100%                                            0.001                                                                                                       ND                             \[[@pone.0126280.ref038]\]
  2010, Florida Keys, Straits of Florida               Corals (multiple species)                                           Low water temperature                   17--100%                                        0.01                                                                                                        ND                             \[[@pone.0126280.ref039]\]
  2010, 2011, Malibu, California, NE Pacific           Sea urchin (*Strongylocentrotus purpuratus*)                        Low salinity, sediment                  0--99%                                          0.01                                                                                                        patchy                         \[[@pone.0126280.ref040]\]
  **2011, Sonoma county, California, NE Pacific**      **Sea urchin (*S*. *purpuratus*), sea star (*Leptasterias* sp.)**   **Harmful algal bloom toxicity**        **\>99.99%**                                    **100**                                                                                                     **continuous**                 **this study**
  2012, Comau Fjord, Chile, SE Pacific                 Coral (*Desmophyllum dianthus*)                                     Methane and/or sulfide seeps, hypoxia   50--99%                                         8.4                                                                                                         ND                             \[[@pone.0126280.ref041]\]
  2013--present, West coast of N America, NE Pacific   Sea stars (multiple species)                                        Wasting disease                         0--70%                                          5000                                                                                                        patchy                         \[[@pone.0126280.ref042]\]
  2001--2003, Ligurian coast, N Mediterranean          Zoanthid (*Parazoanthus axinellae*)                                 Disease,High water temperature          \~ 90%                                          0.0001                                                                                                      ND                             \[[@pone.0126280.ref023]\]
  2003, N Mediterranean                                Gorgonians, sponges, bryozoans, bivalves; (multiple species)        High water temperature                  5--80% [\*](#t001fn002){ref-type="table-fn"}    1500                                                                                                        patchy                         \[[@pone.0126280.ref024]\]
  2003, Canary Islands, SE Atlantic                    Sea urchin (*Paracentrotus lividus*)                                Disease, high water temperature         0--95%                                          50                                                                                                          patchy                         \[[@pone.0126280.ref025]\]
  2003, 2009, Nova Scotia, NW Atlantic                 Sea urchin (*Strongylocentrotus droebachiensis)*                    Disease, hurricanes                     0--100%                                         3                                                                                                           patchy                         \[[@pone.0126280.ref026]\]
  2004--2005, Cape Cod, NW Atlantic                    Sea scallop (*Placopecten magellanicus*)                            Unknown                                 35%                                             4000                                                                                                        ND                             \[[@pone.0126280.ref027]\]
  2005, Great BarrierReef, Coral Sea                   Corals (multiple species)                                           Solar radiation, low tide exposure      10--40% [\*](#t001fn002){ref-type="table-fn"}   10                                                                                                          patchy                         \[[@pone.0126280.ref028]\]
  2005, Florida, E Gulf of Mexico                      Fishes, sponges (multiple species) Coral (*Cladocora arbuscula*)    Algal bloom, hypoxia                    Sponges:6--7%; other taxa: ND                   10                                                                                                          ND                             \[[@pone.0126280.ref029]\]
  2005--2007, Caribbean Sea                            Corals (multiple species)                                           High water temperature, disease         0--70%                                          2 x 10^6^                                                                                                   patchy                         \[[@pone.0126280.ref030]\]
  2008, Coliumo Bay,Chile, SE Pacific                  Crabs, fishes (multiple species per taxon)                          Hypoxia                                 \~90%                                           5                                                                                                           ND                             \[[@pone.0126280.ref031], [@pone.0126280.ref032]\]
  2008, Sardinia, N Mediterranean                      Octocoral (*Paramuricea clavata*)                                   Disease, high water temperature         0--100% [\*](#t001fn002){ref-type="table-fn"}   2                                                                                                           ND                             \[[@pone.0126280.ref033]\]
  2008, 2009, N Mediterranean                          Sponges (*Ircinia* spp.)                                            Disease, high water temperature         0--95% [\*](#t001fn002){ref-type="table-fn"}    700                                                                                                         patchy                         \[[@pone.0126280.ref034]--[@pone.0126280.ref036]\]
  2009, Isla Natividad, Mexico, NE Pacific             Pink abalone (*Haliotis corrugata)*                                 Hypoxia                                 41%                                             10                                                                                                          ND                             \[[@pone.0126280.ref037]\]
  2009, Bahia de Huatulco, NE Pacific                  Sea urchin (*Diadema mexicanum*)                                    ND                                      100%                                            0.001                                                                                                       ND                             \[[@pone.0126280.ref038]\]
  2010, Florida Keys, Straits of Florida               Corals (multiple species)                                           Low water temperature                   17--100%                                        0.01                                                                                                        ND                             \[[@pone.0126280.ref039]\]
  2010, 2011, Malibu, California, NE Pacific           Sea urchin (*Strongylocentrotus purpuratus*)                        Low salinity, sediment                  0--99%                                          0.01                                                                                                        patchy                         \[[@pone.0126280.ref040]\]
  **2011, Sonoma county, California, NE Pacific**      **Sea urchin (*S*. *purpuratus*), sea star (*Leptasterias* sp.)**   **Harmful algal bloom toxicity**        **\>99.99%**                                    **100**                                                                                                     **continuous**                 **this study**
  2012, Comau Fjord, Chile, SE Pacific                 Coral (*Desmophyllum dianthus*)                                     Methane and/or sulfide seeps, hypoxia   50--99%                                         8.4                                                                                                         ND                             \[[@pone.0126280.ref041]\]
  2013--present, West coast of N America, NE Pacific   Sea stars (multiple species)                                        Wasting disease                         0--70%                                          5000                                                                                                        patchy                         \[[@pone.0126280.ref042]\]
  ---------------------------------------------------- ------------------------------------------------------------------- --------------------------------------- ----------------------------------------------- ----------------------------------------------------------------------------------------------------------- ------------------------------ ----------------------------------------------------

Note that the references provided represent to our knowledge the original report(s) describing events in wild populations, and do not include subsequent follow-up publications focused on the same events. Events are summarized from a review of 897 articles; see [S1 File](#pone.0126280.s002){ref-type="supplementary-material"} for a full description of the literature review methods.

\*Denotes mortality of colonial species reported as a percentage of affected colonies with partial necrosis, rather than absolute mortality.

ND, no data.

^a^Where not stated explicitly, we estimated spatial extent of study regions from maps or text descriptions.

^b^Note that most published studies do not include the spatial boundaries of mortality (i.e., the geographic locations past which no mortality was observed). When this information was absent, we report here the spatial extent of the study region.

Here, we quantify the intensity and spatial pattern of a mass mortality event that had severe to moderate effects on multiple marine invertebrate species over a sharply demarcated region. Elevated mortality first became apparent when thousands of invertebrates held in well-aerated, flow-through seawater tanks died precipitously at the Bodega Marine Laboratory (BML; Bodega Bay, California, USA) between August 28 and 30, 2011. More than 99% of captive purple sea urchins (*S*. *purpuratus* \[n \> 1000\]; LJJ *pers*. *obs*.), 100% of six-armed sea stars (*Leptasterias* spp. \[n = 50\]; S. Gravem, *pers*. *comm*.) and several ochre sea stars (*Pisaster ochraceus*) died (LJJ, *pers*. *obs*.). Concurrently, tens of thousands of purple urchins also disappeared from a commonly used scientific collection site in Sea Ranch, California, USA (LJJ, *pers*. *obs*.). Carcasses of heavy-bodied invertebrates, including large adult *P*. *ochraceus*, gumboot chitons (*Cryptochiton stelleri*) and red abalone (*Haliotis rufescens*) washed up on beaches ([Fig 1](#pone.0126280.g001){ref-type="fig"}). Motivated by these early observations, we proceeded to characterize the severity and geographic pattern of mortality in the regional populations of *S*. *purpuratus*, *Leptasterias* sp., *P*. *ochraceus*, and *C*. *stelleri* across the region. We also investigated potential effects on another, rarer sea star, *Henricia* sp. This work was conducted with the goal of providing a foundation for understanding the ecological effects of the die-off and any succeeding dynamics of population recovery.

![Photograph of dead sea stars.\
Ochre sea star (*Pisaster ochraceus*) carcasses washed up en masse in late August 2011. Photo credit: Ashley Robart.](pone.0126280.g001){#pone.0126280.g001}

Materials and Methods {#sec002}
=====================

Study region and species {#sec003}
------------------------

The study area spans 270 kilometers of relatively inaccessible coastline, extending from 39°16\' N in Mendocino County to the southern edge of the Point Reyes peninsula at 37°53\' N, California ([Fig 2](#pone.0126280.g002){ref-type="fig"}). Approximately 75% of this stretch is steep, wave-exposed rocky shore. The remainder consists of isolated sandy beaches and small estuaries. The region falls within a productive coastal upwelling zone in which surface waters are seasonally infused with deep-water nutrients, fueling local food webs and fostering a high diversity of rocky shore invertebrates \[[@pone.0126280.ref043], [@pone.0126280.ref044]\], while also facilitating microalgal blooms \[[@pone.0126280.ref045], [@pone.0126280.ref046]\].

![Map of the study region (north-central California, USA).\
The region between dashed lines marks the zone of invertebrate mortality, which spanned approximately 100 km of coastline (fractal unit 0.1 km). Sites are numbered north to south from Van Damme State Park (Site 1, 39.16° N) to Duxbury Reef (Site 24, 37.53° N). See [S1 Table](#pone.0126280.s003){ref-type="supplementary-material"} for GPS locations and details of surveys conducted at each location.](pone.0126280.g002){#pone.0126280.g002}

Four of the focal taxa tracked in this study (*S*. *purpuratus*, *Leptasterias* sp., *P*. *ochraceus*, *C*. *stelleri*) were historically widespread and ecologically important in the study area \[[@pone.0126280.ref047]--[@pone.0126280.ref050]\]. The region includes a central portion of the purple urchin's range (Alaska to Baja California \[[@pone.0126280.ref051]--[@pone.0126280.ref053]\]), and at many locations within the study region, purple urchins were documented as the most abundant intertidal macroinvertebrate \[[@pone.0126280.ref047]\], inhabiting large swaths of the low intertidal zone where densities could exceed 600 individuals per m^2^ \[[@pone.0126280.ref050]\]. While not nearly so abundant, *P*. *ochraceus* also can be common in the region. The ochre sea star is a large-bodied (mean wet mass \~450 g \[[@pone.0126280.ref054]\]), well-studied keystone predator, particularly of mussels, from Alaska to south-central California \[[@pone.0126280.ref055], [@pone.0126280.ref056]\]. Numbers of ochre stars are currently declining, due to a sea star wasting disease along the U.S. west coast, but symptoms of this disease were not observed until June 2013, nearly two years after the event we describe here \[[@pone.0126280.ref042]\]. Small, often cryptic, six-armed sea stars of the genus *Leptasterias* (in this region, most often of the *L*. *hexactis* form; mean wet mass \~5 g; \[[@pone.0126280.ref054]\]) also range from Alaska to central California \[[@pone.0126280.ref057]\]. We observed only the *L*. *hexactis* morphotype in this study and preliminary DNA sequencing by our group suggests a single species ([S1 File](#pone.0126280.s002){ref-type="supplementary-material"}), but there are ongoing questions about divergence and speciation in *Leptasterias* \[[@pone.0126280.ref057]--[@pone.0126280.ref059]\]. Six-armed sea stars are important predators of small mollusks and have been historically common across the study region \[[@pone.0126280.ref048]\], \[[@pone.0126280.ref060]--[@pone.0126280.ref062]\]. The gumboot chiton, *Cryptochiton stelleri*, is the largest invertebrate herbivore in the ecosystem, reaching 33 cm in length and inhabiting low intertidal and shallow subtidal habitats from California to Alaska and Japan \[[@pone.0126280.ref063]\]. An unexplained localized die-off of *Leptasterias* sp. and *S*. *purpuratus* living in mid-to-high intertidal areas occurred in 2010 at Bodega Marine Reserve (site 18; S. Gravem, E. Sanford and J. Sones, *pers*. *comms*.). *Leptasterias* sp. remained common at adjacent locations (sites 16, 17; LJJ, *pers*. *obs*.) and *S*. *purpuratus* remained abundant in low intertidal habitats at the affected site as of July 2011, prior to the event we describe here (LJJ, *pers*. *obs*.).

Intertidal purple urchin mortality {#sec004}
----------------------------------

We quantified the severity of intertidal purple urchin mortality based on their unique habitat-modifying fingerprint in intertidal environments. In this region of extreme, wave-swept shores, urchins excavate and occupy individual burrows in the bedrock \[[@pone.0126280.ref048], [@pone.0126280.ref064], [@pone.0126280.ref065]\] ([Fig 3](#pone.0126280.g003){ref-type="fig"}). No other species in the ecosystem makes similar modifications to rock. Grazing activities and constant abrasion from moving spines maintain clean burrows while urchins occupy them, but sessile invertebrates such as barnacles, spirorbid worms and anemones rapidly colonize vacated burrows \[[@pone.0126280.ref066]\]. A clean, empty urchin burrow with no overgrowth by sessile species therefore provides evidence of recent (i.e., within weeks) urchin habitation ([Fig 3B and 3D](#pone.0126280.g003){ref-type="fig"}). We used this distinctive indicator to estimate pre-event urchin populations, calculating pre-event density as the combined density of live urchins plus clean, empty burrows. We calibrated this quantity using the average occupancy rate of burrows at four control sites (sites 1, 2, 23, 24; [Fig 2](#pone.0126280.g002){ref-type="fig"}; [S1 Table](#pone.0126280.s003){ref-type="supplementary-material"}). This calibration did not change our initial estimates since burrow occupancy rate across all control sites was 100% (SD = 0.01).

![Purple urchin burrows in bedrock, with and without occupants.\
(A) A large tidepool outside the impact zone (site 4), with a dense population of live *Strongylocentrotus purpuratus* in November 2011. (B) Empty urchin burrows in a tidepool (site 16) after the mass mortality event. (C) Close-up of occupied purple urchin burrows, showing one urchin per burrow and 100% occupancy; note urchins are covered with debris. (D) Close-up of clean, empty urchin burrows such as those used to estimate pre-event densities.](pone.0126280.g003){#pone.0126280.g003}

In our analysis of the severity of intertidal purple urchin mortality, we compared pre-event and post-event urchin densities at 11 sites ([Fig 2](#pone.0126280.g002){ref-type="fig"}; see [S1 Table](#pone.0126280.s003){ref-type="supplementary-material"} for detailed locations). At five of these (sites 8, 10, 14, 16, 18; [Fig 2](#pone.0126280.g002){ref-type="fig"}), we had recorded robust urchin populations between May and July 2011, prior to the onset of laboratory mortality on August 28, 2011. Initial scouting of the same sites between August 31 and September 10, 2011 suggested a complete loss of these populations, although comparatively high low tides and large waves hampered full surveys. We then began quantitative mortality surveys at four of these sites that spanned the extent of the study region (37° 53' N to 39° 16' N; sites 1, 14, 16, 24; [Fig 2](#pone.0126280.g002){ref-type="fig"}, [S1 Table](#pone.0126280.s003){ref-type="supplementary-material"}) between September 26 and 30, 2011, once tides became low enough to access urchin habitat. We completed our first round of population surveys at the remainder of our 11 core sites during the subsequent three accessible low tide series, between October and December 2011.

Since local populations typically comprise hundreds of thousands of animals, unevenly distributed across topographically complex habitat \[[@pone.0126280.ref047]\], we used mean density within established urchin assemblages rather than absolute abundance to assess population impacts at each site. We counted all live purple urchins and clean, empty urchin burrows in twelve 0.25 m^2^ quadrats placed randomly within established urchin habitats at each site. We used a Fisher's Exact Test to compare densities by site, since differences violated assumptions of more complex approaches (e.g., zero-inflation and spatial continuity of impacted sites).

Subtidal purple urchin mortality {#sec005}
--------------------------------

Comparatively few purple urchins inhabit deeper subtidal depths in this region, where they tend to be replaced by the larger red urchin, *Mesocentrotus* (formerly *Strongylocentrotus*) *franciscanus*, especially at depths \> 8 m \[[@pone.0126280.ref047], [@pone.0126280.ref067]\]. However, survivors in subtidal habitats could be important facilitators of recovery if post-event densities remained sufficient for successful reproduction, or if individuals aggregated in groups (urchins are dioecious broadcast spawners and successful fertilization requires that males and females be in close proximity \[[@pone.0126280.ref065], [@pone.0126280.ref068]--[@pone.0126280.ref070]\]). To estimate subtidal-zone mortality and assess survivor density, we compared purple urchin densities in diver surveys conducted before (2005--2010) and after (2012) the die-off at four sites in the study region (sites 11--13, 15; [Fig 2](#pone.0126280.g002){ref-type="fig"}; [S1 Table](#pone.0126280.s003){ref-type="supplementary-material"}). The surveys were part of regular monitoring efforts conducted between July and October of each year (led by LRB for California Department of Fish and Wildlife). Pairs of divers counted urchins along 30 x 2 m^2^ transects in rocky reef habitats in three depth classes at each site (0--9 m, 9.1--13.7 m and 13.8--18.3 m). Transects were placed at pre-selected random GPS coordinates within each depth stratum, and new random coordinate locations were generated for each survey year. At each site, divers initiated 18 transects in the shallow depth stratum and 9 transects in each of the two deeper strata. Ocean conditions impacted the number of transects completed at each site in any given survey year. Transects frequently contained zero urchins and we used log transformations of density data for all analyses. Because we were interested in differences between pre-event and post-event subtidal-zone densities, as well as differences within each depth stratum (rather than an interaction effect), and because the number of transects sampled varied by depth, we used *t-*tests to examine density changes for the pooled data at each depth stratum individually.

Urchins as indicators of the spatial scale of disturbance {#sec006}
---------------------------------------------------------

Once we determined the severity of intertidal purple urchin mortality at our 11 core sampling sites, we added nine sites to increase spatial resolution, to search more extensively for survivors, and to more precisely delineate the spatial distribution of mortality (\"Fine-grained surveys,\" [S1 Table](#pone.0126280.s003){ref-type="supplementary-material"}). Between October 2011 and December 2012, we conducted site-wide searches for purple urchins within and outside the general impact zone across a total of 20 intertidal locations (sites 1--10, 14, 16--24; [Fig 2](#pone.0126280.g002){ref-type="fig"}; [S1 Table](#pone.0126280.s003){ref-type="supplementary-material"}). At each location, we searched a minimum of two and a maximum of 12 person-hours, until we either examined the entire site or counted more than 1000 adult urchins. We searched for live adult urchins and for clean, empty urchin burrows (as indicators of recent mortality). We focused on adults, defined as individuals with test diameters greater than 25 mm \[[@pone.0126280.ref071]\], since smaller juvenile urchins could in theory have settled after the mortality event. To maximize the probability of detecting survivors given the extreme levels of mortality, we also solicited reports of live purple urchins from other researchers and from coastal residents via local print and radio announcements.

Population impacts to other invertebrate species {#sec007}
------------------------------------------------

To examine potential impacts to regional populations of *C*. *stelleri*, *Leptasterias* sp., and *P*. *ochraceus*, we compared all available monitoring data collected between 2001 and 2011, focusing on data collected in the three years (2008--2010) prior to the mortality event for quantitative comparison with post-event surveys at the same sites ([S1 Table](#pone.0126280.s003){ref-type="supplementary-material"}). Intertidal-zone monitoring teams surveyed the region prior to the event during baseline assessments for implementation of the California Marine Life Protection Act, and as part of a regular monitoring program (MARINe west coast monitoring: <http://www.pacificrockyintertidal.org>, led by PTR). Pre-event monitoring efforts provided counts of individuals in 0.25 m^2^ quadrats (n = 18 to 34) placed randomly across three shore elevations at each site. Since the target species are not typically found in the high-shore elevation category used in these surveys, we included only data from quadrats in the middle and lowest shore elevations in our analyses (n = 12 to 22 per site). These surveys were designed to characterize biodiversity and community structure, rather than provide detailed population estimates for these particular species, so total spatial coverage was relatively low (3 to 5.5 m^2^ over sites often exceeding 5000 m^2^), creating a potential for false zeros or overestimation of density when one or two individuals occurred in few total quadrats. To avoid this problem in post-event surveys using the same method, we increased replication (n = 53 to 210 quadrats per site, depending on the amount of suitable habitat) and targeted only species-appropriate shore elevations, leading to a more intense post-event sampling effort. To reduce bias in quantitative comparisons of post-event versus pre-event quadrat densities due to increased sampling effort, we also compared changes in presence versus absence at each location where target species were found before the mortality event.

Early observations during post-event data collection suggested potential effects on sea stars of the genus *Henricia* (we observed only the *H*. *pumila* form \[[@pone.0126280.ref072]\], and preliminary DNA sequencing by our group suggests a single species ([S1 File](#pone.0126280.s002){ref-type="supplementary-material"}), although there remain questions about systematics in this genus \[[@pone.0126280.ref072], [@pone.0126280.ref073]\]). We included searches for the comparatively rare *Henricia* sp. in subsequent quadrat surveys that we conducted between late 2012 and early 2014, during which we added additional sites to the north and south of the affected region ([S4 Table](#pone.0126280.s006){ref-type="supplementary-material"}).

*Cryptochiton stelleri* was rarely detected in pre-event quadrats, likely because sampling did not extend into the lowest intertidal shore elevations preferred by the species. We therefore limited our analysis to post-event data, which we examined for spatial patterns of decreased abundance or absence of *C*. *stelleri* within the impact zone delineated by the loss of large intertidal purple urchin populations. Because *P*. *ochraceus* and *C*. *stelleri* are both large-bodied and conspicuous, but often occur at low densities, we conducted broad-scale swath transects to further estimate post-event densities for these two species. Swath transects covered 831 to 3736 m^2^, depending on the amount of suitable habitat at each site (see [S1 File](#pone.0126280.s002){ref-type="supplementary-material"} for detailed description).

Complementary studies by others \[[@pone.0126280.ref074], [@pone.0126280.ref075]\] indicated moderate to severe impacts on two subtidal, fished species: the red sea urchin (*M*. *franciscanus*; 50 to 90% mortality at depths less than 20 m) and red abalone (25% estimated mortality). Because these effects were reported previously, we did not attempt to describe them in any further detail.

Assessing biotic and abiotic conditions coincident with mortality {#sec008}
-----------------------------------------------------------------

There were no obvious physical stressors (e.g., a storm, heavy rainfall event, or heat wave) that occurred during late August and early September 2011, when the onset of mortality was observed. Nevertheless, we inspected climatic and oceanographic data to assess the potential for anomalies that might indicate either biotic or abiotic stressors. We accessed salinity, air temperature, water temperature, and seawater chlorophyll-a (a common indicator of phytoplankton concentrations) data from sensors located at the shoreline of BML, operated through the Bodega Ocean Observing Node (BOON, <http://bml.ucdavis.edu/boon/>) for the month of August 2011. We also scanned offshore swell data from the U.S. National Oceanic and Atmospheric Administration's National Data Buoy Center (station 40613 Bodega Bay, <http://www.ndbc.noaa.gov>) for any indicators of potentially anomalous wave disturbance.

Ethics Statement {#sec009}
----------------

All data included in this study were collected using non-destructive sampling methods. Several study locations fall within Marine Protected Areas and parks. For each site location, special jurisdictions and relevant permit information are given in [S1 Table](#pone.0126280.s003){ref-type="supplementary-material"}.

Results {#sec010}
=======

Impacts on purple urchin populations {#sec011}
------------------------------------

Purple sea urchins were nearly extirpated from intertidal locations across a contiguous portion of the initial survey range. Pre-event, *S*. *purpuratus* were present at mean densities of 138 to 306 urchins per m^2^ ([Fig 4A](#pone.0126280.g004){ref-type="fig"}), but post-event they were absent from the five sites in the center of the survey region (sites 6, 10, 14, 16, 18; [Fig 4B](#pone.0126280.g004){ref-type="fig"}). In contrast, we found no evidence for population declines of purple urchins at the six peripheral sites, north of Anchor Bay (site 5) and south of Bodega Head (site 19), where we encountered \>1000 individuals within the first 10 minutes of searching and 100% burrow occupancy at all sites with urchin burrows, which indicated no recent density change (sites 1--4, 23, 24; [Fig 4A and 4B](#pone.0126280.g004){ref-type="fig"}). These post-event urchin densities were significantly higher outside versus within the impacted region (Fisher\'s Exact Test, *P* \< 0.001).

![Densities of purple urchins (A) before and (B) after the mass mortality event, by latitude.\
Bars depict standard deviation across sampled quadrats. Data are from the 11 sites surveyed between September and December 2011 (sites 1--4, 6, 10, 14, 16, 18, 23, 24). The shaded area denotes the impacted region, in which we found zero individuals at all sites surveyed after the event (n = 5).](pone.0126280.g004){#pone.0126280.g004}

The fine-grained searches designed to detect any surviving intertidal *S*. *purpuratus* at a broader array of sites confirmed the original estimate of the boundaries of event-related mortality, as well as its uniformity. Across the expanded suite of 20 sites, we documented near-complete mortality inside, and no detectable mortality outside, a contiguous region stretching from site 6 in the north to site 19 in the south ([Fig 2](#pone.0126280.g002){ref-type="fig"}). We used this essentially dichotomous pattern of intertidal urchin presence or absence as an operational indicator of the spatial bounds of the event. This impact zone spanned approximately 100 km of coastline (fractal unit 0.1 km).

A total of ten adult *S*. *purpuratus* were found alive intertidally within the impact zone, at sites 7 and 10, between November and December 2012; nine of the ten occurred at Del Mar Landing (site 7), five of which were within 0.25 m of another individual.

Pre-event densities of *S*. *purpuratus* in subtidal zones were already three orders of magnitude smaller than densities in intertidal zones, and appear to have been further reduced, from an average of 0.35 to 0.013 individuals per m^2^ (t~444~ = 2.35, *P* = 0.009). Across the four subtidal-zone sites (11--13, 15), post-event surveys indicated the most severe reductions in purple urchin density occurred in the two shallower depth zones ([Fig 5](#pone.0126280.g005){ref-type="fig"}). Mean densities dropped from 0.12 to 0.0002 individuals per m^2^ at depths up to 9 m (t~164~ = 1.79, *P* = 0.038), and from 0.30 to 0.003 individuals per m^2^ in the middle depth zone (9.1 to13.7 m; t~82~ = 2.57, *P* = 0.006). Purple urchin density remained highest in the deepest transects (13.8 to 18.3 m), exhibiting no significant change (t~78~ = 0.82, *P* = 0.21), and averaging 0.2 individuals per m^2^ after the event. The distribution of survivors in the subtidal zone was patchy over the scale of 100 meters (LRB, *pers*. *obs*.).

![Subtidal-zone densities of purple urchins.\
Data are shown by depth class, and represent counts (mean ± SE) in transects surveyed before (grey; n = 300) and after (black; n = 146) the mass mortality event. Data from four sites (11--13, 15) in the impact zone are pooled.](pone.0126280.g005){#pone.0126280.g005}

Population impacts on other invertebrate species {#sec012}
------------------------------------------------

We found zero *Leptasterias* sp. at previously occupied sites throughout the 100 km impact zone, indicating widespread extirpation ([Fig 6](#pone.0126280.g006){ref-type="fig"}). Densities of six-armed sea stars dropped significantly across the six sites within the impact zone (sites 7, 8, 10, 14, 18, 19), from an average of 3.2 to zero individuals per m^2^ (t~5~ = 4.75, *P* = 0.0025). At sites outside the impact zone (sites 3, 4, 24; [Fig 2](#pone.0126280.g002){ref-type="fig"}), we found no significant change in *Leptasterias* sp. density (t~2.6~ = 1.8, *P* = 0.18). Prior to August 2011, *Leptasterias* sp. occurred in every monitoring survey conducted (2001 to 2010) at the six sites within the impact zone, including in the last surveys undertaken before the event ([S2 Table](#pone.0126280.s004){ref-type="supplementary-material"}). After the event, we did not find a single six-armed star at these six locations, although we increased search areas substantially (from 3--5.5 m^2^ per site to 26--37 m^2^ per site; [S2 Table](#pone.0126280.s004){ref-type="supplementary-material"}). Similarly, we found zero *Leptasterias* sp. in the large swath transects (covering 831 to 3736 m^2^) at all sites from which purple urchins had disappeared. However, we did find *Leptasterias* sp. at all three previously occupied sites outside the zone of purple urchin loss, in abundances ranging from 2--33 per site (survey areas 13.25--40.25 m^2^; [S2 Table](#pone.0126280.s004){ref-type="supplementary-material"}).

![Six-armed sea star presence and absence before and after the mass mortality.\
Data are shown for surveys before the 2011 mass mortality (2001--2010) and after (2012). In the intervening period, *Leptasterias* sp. became absent from every site within the die-off region in which purple sea urchins experienced mortality (bordered by dashed lines; sites 7, 8, 10, 14, 18, 19). Six-armed sea stars were still found at sites outside the affected region in 2012, as in prior years (sites 3, 4, 24).](pone.0126280.g006){#pone.0126280.g006}

Ochre sea stars and gumboot chitons also experienced elevated mortality, with hundreds of dead animals washed up on beaches ([Fig 1](#pone.0126280.g001){ref-type="fig"}). However, we found numerous surviving *P*. *ochraceus* and *C*. *stelleri* within the region where *S*. *purpuratus* and *Leptasterias* sp. were lost ([Fig 7](#pone.0126280.g007){ref-type="fig"}). *Pisaster ochraceus* density across five sites within the impact zone where pre-event monitoring data were available (sites 7, 8, 10, 14, 19) showed no significant change between 2010 and 2012 (t~4~ = 0.15, *P* = 0.45), and average density decreased only slightly, from 0.14 to 0.12 individuals per m^2^. Swath transects, which covered large portions of each site, revealed complex spatial patterns ([Fig 7](#pone.0126280.g007){ref-type="fig"}, [S3 Table](#pone.0126280.s005){ref-type="supplementary-material"}) and no evidence of consistently lower densities inside versus outside the impact zone for either *P*. *ochraceus* or *C*. *stelleri* (*U* = 16.0, *P* = 0.62 for each species). Gumboot chitons were absent at the southernmost three intertidal-zone sites (sites 22--24), but this observation may be due to their scarcity in intertidal habitats south of Point Reyes, although they remain common in subtidal habitats as far south as Monterey Bay \[[@pone.0126280.ref048]\].

![Post-event densities of *P*. *ochraceus* and *C*. *stelleri*.\
Data are from swath transects, shown by site latitude. Despite many carcasses of these species being observed on shores during the die-off, surveys did not show consistently depressed density within the impact zone (defined by the loss of *S*. *purpuratus* and *Leptasterias* sp. and indicated by dashed lines). See [S3 Table](#pone.0126280.s005){ref-type="supplementary-material"} for raw counts and area surveyed per site.](pone.0126280.g007){#pone.0126280.g007}

Based on the spatial pattern of abundance in surveys conducted between 2012 and 2014, the sea star *Henricia* sp. may also have been affected ([S4 Table](#pone.0126280.s006){ref-type="supplementary-material"}). Following the event, we found multiple individuals at sites to the north and south of the impact zone and only a single individual within the impact zone ([S4 Table](#pone.0126280.s006){ref-type="supplementary-material"}). However, it is difficult to make firm conclusions concerning the effects of this event on *Henricia* sp. There were no captive *Henricia* sp. at BML when the death of other species was observed in the laboratory, and *Henricia* sp. had not been abundant inside the impact zone, or the entire region, prior to August 2011 (8 individuals were found in all surveys between 2001 and 2010 across 8 sites).

Biotic and abiotic conditions coincident with mortality {#sec013}
-------------------------------------------------------

We observed strongly discolored seawater indicating high near-shore plankton concentrations beginning August 24, 2011 and lasting for the next week. Chlorophyll-a data suggest a phytoplankton bloom early in the month, and a second bloom beginning around August 22, which peaked between August 26 and 29, 2011 at approximately 5 ug/L ([S1 Fig](#pone.0126280.s001){ref-type="supplementary-material"}). During the event, dissolved oxygen remained near saturation (98% DO; J. Moore *pers*. *comm*.) in flow-through seawater tanks at BML that sourced water directly from the adjacent affected site (site 18, Bodega Marine Reserve). Wave heights, salinities, and air and water temperatures were typical for the region over the entire month of August 2011, with air and water temperatures ranging between 10 and 14°C ([S1 Fig](#pone.0126280.s001){ref-type="supplementary-material"}). Offshore swell heights of 2 to 4 m led to 2 to 5 m waves breaking on the shore, which are also typical of the region ([S1 Fig](#pone.0126280.s001){ref-type="supplementary-material"}).

Discussion {#sec014}
==========

In late August and September 2011, intertidal populations of two echinoderms---*S*. *purpuratus* and *Leptasterias* sp.---were decimated over a large, continuous region. We found only ten surviving intertidal purple urchins out of a prior regional population we estimate at many millions of individuals. For both intertidal *S*. *purpuratus* and *Leptasterias* sp., the overall mortality rate was therefore \>99.99% over 100 km of coastline. At subtidal locations, mortality of *S*. *purpuratus* was severe but incomplete. A third echinoderm, *Henricia* sp., also may have suffered elevated mortality, but firm conclusions are not possible given its rarity prior to the event.

Two other species, the echinoderm *P*. *ochraceus* and the mollusc *C*. *stelleri*, suffered mortality in the same region and at the same time as *S*. *purpuratus* and *Leptasterias* sp., as evinced by dead animals on beaches (e.g., [Fig 1](#pone.0126280.g001){ref-type="fig"}). However, the measured effect on *P*. *ochraceus* and *C*. *stelleri* population sizes was non-significant, possibly influenced by high pre-event variation in regional population sizes. Beach stranding observations may have been biased toward these species because of their heavy, durable carcasses. Such bias was evident for other species; during diver surveys, individuals who directly observed dead animals estimated 25% mortality in red abalone *H*. *rufescens* and 50 to 90% mortality of shallow-living red urchin *M*. *franciscanus*, but only the heavy-bodied *H*. *rufescens* was found on beaches (LRB *pers*. *obs*., \[[@pone.0126280.ref075]\]).

The geographic scale, rapidity, and taxonomic scope of this mass mortality event are notable, as is the high mortality rate for purple urchins and six-armed sea stars. Although localized mass mortalities are not uncommon for *S*. *purpuratus* \[[@pone.0126280.ref040], [@pone.0126280.ref076], [@pone.0126280.ref077]\], no previously documented mortality event has been so severe over such a large region (reviewed in \[[@pone.0126280.ref040], [@pone.0126280.ref078]\]; see also [Table 1](#pone.0126280.t001){ref-type="table"}). Even in comparison with high-severity events, an apparently uniform lack of survivors in certain taxa (i.e., *Leptasterias* in this study) following an event is uncommon. Loss of *Heliaster kubiniji* from the Gulf of California left remnant densities of 0.05 per m^2^ in some locations \[[@pone.0126280.ref079]\], *Zostera marina* survived the 1930's die-off along the Atlantic seaboard in low-salinity refugia \[[@pone.0126280.ref080], [@pone.0126280.ref081]\], and the impacts of an unknown pathogen on long-spined sea urchins in the Caribbean were spatially variable \[[@pone.0126280.ref018]\]. To date, the current progression of sea star wasting disease on the west coast of North America has also left numerous survivors in many locations \[[@pone.0126280.ref082]\]. The event documented here was also unusual in its sudden onset and brief time-course, a pattern that is rare in marine systems except in cases of discrete physical disturbance like hurricanes. Large-scale marine mortalities typically take several months or years to progress. For example, a green urchin (*Strongylocentrotus droebachiensis*) die-off in Nova Scotia, eventually attributed to an amoeba \[[@pone.0126280.ref083]\], began in 1980, but did not reach peak mortality until 1984 \[[@pone.0126280.ref084], [@pone.0126280.ref085]\]; decline of black abalone (*Haliotis cracherodii*) in California manifested over decades \[[@pone.0126280.ref086], [@pone.0126280.ref087]\]; and dogwhelk mortality associated with a 1988 algal bloom on the Norwegian coast occurred over several months \[[@pone.0126280.ref088]\]. The unique attributes of the mass mortality we describe here therefore provide a rare opportunity for subsequent investigations into response and recovery dynamics following a strong and discrete perturbation.

Potential causes: Evidence and implications {#sec015}
-------------------------------------------

As is the case for many documented mass-mortality events, we cannot unambiguously ascribe the current die-off to a particular cause or set of causes. However, the combination of synchronous and spatially consistent mortality in multiple species, juxtaposed with zero detectable effect in adjacent regions, is consistent with a single, geographically constrained agent. Conceivable causes of the patterns we observed include five, potentially nonexclusive, processes: (1) physical disturbance, (2) mass migration of individuals to areas outside the sampling domain, (3) dysoxia or anoxia, (4) a disease outbreak, and (5) toxicity resulting from a harmful algal bloom (HAB). Of these, toxicity from a HAB is most likely. We detected no evidence of unusual physical disturbance in oceanographic or weather conditions, including temperature, salinity, wind, or wave action during the period of increased mortality. A scenario in which multiple, largely sedentary and slow-moving taxa abruptly exit a long-occupied area of suitable habitat appears implausible on principle, and even less likely given that adult purple urchins often outgrow their burrow entrances and become trapped within them (\[[@pone.0126280.ref089]\]; LJJ, *pers*. *obs*.). Wave exposure during the event was sufficient to enable energetic wave breaking on rocky shores \[[@pone.0126280.ref090]--[@pone.0126280.ref092]\], which results in regular, rapid injections of oxygen into nearshore habitats, making widespread hypoxia unlikely. Mortality of laboratory-held urchins and *Leptasterias* sp. also occurred at measured, near-saturation oxygen levels, further indicating an alternative cause. A disease outbreak is plausible, but in contrast to the usual progression of diseases, the event we describe affected multiple phyla and exhibited no indication of a propagating pathogenic front. Moreover, results suggest that mortality occurred acutely across the full range of the impacted zone, and exhibited sharp lines of demarcation between it and adjacent areas---atypical traits for a transmissible disease.

The most likely cause of this mortality event therefore appears to be a toxin produced by phytoplankton that bloomed concurrently with the die-off. Mortality of echinoderms and gastropods following HABs has been documented, but less commonly than effects on fishes and bivalves \[[@pone.0126280.ref093]\]. The toxicity hypothesis is supported by genetic analyses that show surviving *H*. *rufescens* had disproportionately up-regulated genes that respond to yessotoxin \[[@pone.0126280.ref075]\]. Yessotoxins are produced by the dinoflagellate genus *Gonyaulax* \[[@pone.0126280.ref094], [@pone.0126280.ref095]\], a species of which (*G*. *membranacea*) was isolated from water samples as the most abundant species during initial phases of the bloom (C. O'Kelly, *pers*. *comm*.). Although yessotoxin-producing species have been identified as an emerging concern in northeast Pacific ecosystems \[[@pone.0126280.ref046]\], yessotoxins have not previously been known as lethal. That said, the dynamics of microalgal toxicity are still poorly understood, even for better-known HAB species (e.g., \[[@pone.0126280.ref096]\]), and the possibility remains that unidentified species and/or toxin(s) were responsible. Dinoflagellate cysts can persist for years in sediment and may bloom again under favorable conditions \[[@pone.0126280.ref097]\], so future events in the region are possible, even as ecological impacts from the current mass mortality progress.

Community repercussions and recovery potential {#sec016}
----------------------------------------------

The range of mortality rates observed across the five species surveyed suggests the potential for substantial variation in population impacts, species-specific recovery, and community response. In particular, the high mortality in *S*. *purpuratus* (\>99.99% intertidally, \~97% subtidally) and *Leptasterias* sp. (\~100%) within the affected region increases the probability of prolonged recovery failure in these taxa because recolonization is likely to rely heavily on immigration from sources outside the region (e.g., \[[@pone.0126280.ref019], [@pone.0126280.ref020], [@pone.0126280.ref098]\]). However, these two species' differing life histories may also shape distinct recovery trajectories. Purple urchins produce many larvae that spend several weeks feeding in the plankton \[[@pone.0126280.ref099]\]. In contrast, six-armed sea stars produce few crawl-away juveniles. Such differences in fecundity and pelagic duration tend to be associated with distinct differences in dispersal potential \[[@pone.0126280.ref100]--[@pone.0126280.ref102]\]. As a consequence, there is a much greater probability that larvae produced outside the impact zone by *S*. *purpuratus* will settle and recruit inside it, compared to offspring produced by *Leptasterias* adults outside the die-off area. The net result is that although both species may mature in as little as one-to-two years \[[@pone.0126280.ref071], [@pone.0126280.ref103]\], allowing breeding populations to re-establish quickly if juveniles settle in high densities, delivery of new individuals to the impact zone is more likely to operate as a limiting step in the recovery of *Leptasterias* sp. than in *S*. *purpuratus*.

Predicting community responses to this mortality event is complicated. One challenge stems from a degree of uncertainty about the species' ecological roles. For example, the paradigm established for subtidal *S*. *purpuratus* is that they often graze actively in kelp forests \[[@pone.0126280.ref076], [@pone.0126280.ref104], [@pone.0126280.ref105]\], such that their removal can induce rapid shifts to a macroalgae-dominated community \[[@pone.0126280.ref106]--[@pone.0126280.ref108]\]. However, intertidal purple urchins in the study region subsist primarily on abundant drift algae. They rarely move, and are often incapable of mobile foraging after outgrowing the openings to their burrows \[[@pone.0126280.ref053], [@pone.0126280.ref089]\]. The effect of region-wide loss of intertidal *S*. *purpuratus* might therefore manifest primarily at the ecosystem level, via reductions in nutrient cycling associated with algal detritus. Standing algal stock, by contrast, could be affected more by the loss of the predator *Leptasterias* sp., which indirectly affects grazing rates of herbivorous snails \[[@pone.0126280.ref109]\]. Despite lower mortality rates in *P*. *ochraceus* and *C*. *stelleri*, reductions in the populations of these species could conceivably affect community structure through food web interactions that alter ratios of habitat-forming mussel beds and algae \[[@pone.0126280.ref110]--[@pone.0126280.ref112]\]. Moreover, in the case of *P*. *ochraceus*, such effects could be exacerbated by further declines due to the recent regional outbreak of sea star wasting disease.

Quantification of the die-off documented here thus provides a relatively unusual example of a spatially consistent and discrete mortality event with severe to modest impacts in a suite of species. Results establish new regional baselines of population abundance and distribution, and underscore the potential for acute biological disturbances to drive potentially long-term effects on population, community, and ecosystem dynamics. Documenting such disturbance events and their manner of recovery will become increasingly important if and when global changes escalate the magnitude and frequency of local to regional-scale environmental perturbations \[[@pone.0126280.ref113]\].

Supporting Information {#sec017}
======================

###### Abiotic conditions in August 2011.

Data shown are hourly averages of (A) shoreline salinity, (B) seawater chlorophyll-a, (C) significant wave height (SWH), and (D) air and water temperatures at Bodega Marine Reserve (site 18) before and during observed invertebrate mortality, the onset of which (first observed Aug 28, 2011) is indicated by a dashed vertical line in each plot. SWH data are from NOAA NDBC Station 46013. All other data are from sensors deployed by Bodega Ocean Observing Node; descriptions of sensors, deployments and quality control can be found at: <http://bml.ucdavis.edu/boon/datasets.html>.

(PDF)

###### 

Click here for additional data file.

###### Supplemental methods information.

Description of methods used in literature review to construct [Table 1](#pone.0126280.t001){ref-type="table"}; full description of swath transect methods with details of additional site locations and survey dates, and information about tissue collections.

(PDF)

###### 

Click here for additional data file.

###### Detail of site locations and surveys.

Includes GPS locations of sites, types and dates of surveys, special jurisdictions for each site and details of relevant permits.

(PDF)

###### 

Click here for additional data file.

###### Counts of *Leptasterias* sp.

Table includes counts of individuals found in 0.25 m^2^ quadrats in surveys conducted before (2001 to 2010) and after (2012) the mass mortality event, by site location, with area surveyed.

(PDF)

###### 

Click here for additional data file.

###### Counts of *P*. *ochraceus* and *C*. *stelleri* in swath transects.

Table includes numbers of each species found in 2012 in large swath transects conducted at each site, with survey dates and area of coverage.

(PDF)

###### 

Click here for additional data file.

###### Counts of *Henricia* sp.

Table includes numbers of *Henricia* sp. found in 0.25 m^2^ quadrats between 2012 and 2014, with locations, dates, and area surveyed.

(PDF)

###### 

Click here for additional data file.
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